Angiogenesis has an important role in the carcinogenesis of esophageal adenocarcinoma, however, the diagnostic and prognostic utility of microvascular density counts have not been clinically established. The aim of this study is to assess the correlation between microvascular density and disease progression of non-dysplastic Barrett's esophagus, low-grade dysplasia, high-grade dysplasia and invasive carcinoma in the superficial aspects of the tissue. Archival histological specimens from two referral centers for Barrett's esophagus and esophageal cancer were selected for review. A total of 160 regions marked according to histological grade were assessed with digitally interactive software to measure microvascular density. This was quantified in three levels: 0-50, 50-100 and 100-150 lm. In the areas of gastric cardia, Barrett's esophagus, low-grade dysplasia, high-grade dysplasia and cancer, microvascular density was significantly different (Po0.0001) among the five groups in the most superficial 150 lm of the mucosa. Furthermore, when examining the pairwise difference between the groups, there was a significant difference between cancer and each of the lower grades of histology (Po0.05) and between high-grade dysplasia and each of the lower grades of histology (Po0.05). These statistically significant differences were preserved in examining the depth at the most superficial 50 lm. We have used digital pathology to demonstrate a significant and stepwise increase in microvascular density, which supports the hypothesis that angiogenesis has a key role in Barrett's carcinogenesis. Furthermore, the differences in the most superficial mucosal layers are consistent with findings of increased vascularity by depth-restricted imaging modalities. Modern Pathology (2013) 26, 125-130; doi:10.1038/modpathol.2012 published online 24 August 2012 Keywords: angiogenesis; Barrett's esophagus; esophageal cancer; microvascular density Angiogenesis has an important role in the carcinogenesis of esophageal adenocarcinoma, however, the diagnostic and prognostic utility of microvascular density counts have not been clinically established. 1,2 Esophageal adenocarcinoma arises from Barrett's esophagus in a metaplasia-dysplasia-carcinoma sequence. Intestinal metaplasia and dysplasia have been studied in terms of microvascular density, and neoangiogenesis is thought to begin in these precursor lesions. [3] [4] [5] [6] [7] 
Angiogenesis has an important role in the carcinogenesis of esophageal adenocarcinoma, however, the diagnostic and prognostic utility of microvascular density counts have not been clinically established. 1,2 Esophageal adenocarcinoma arises from Barrett's esophagus in a metaplasia-dysplasia-carcinoma sequence. Intestinal metaplasia and dysplasia have been studied in terms of microvascular density, and neoangiogenesis is thought to begin in these precursor lesions. [3] [4] [5] [6] [7] Endoscopists are exploiting neovascularization in Barrett's esophagus to detect neoplasia using novel imaging modalities, such as narrow band imaging and confocal laser endomicroscopy. [8] [9] [10] [11] [12] One of the features that endoscopists look for is the vascular pattern under narrow band imaging or confocal laser endomicroscopy. [8] [9] [10] [11] [12] Irregular or increased vascularity is a feature that endoscopists are looking for with these imaging modalities to identify significant superficial neoplasia, including both high-grade dysplasia and esophageal adenocarcinoma.
The aim of this study is to assess the correlation between microvascular density and disease progression of non-dysplastic Barrett's esophagus, low-grade dysplasia, high-grade dysplasia and invasive carcinoma in the superficial aspects of the tissue.
Materials and methods

Tissue Selection and Immunohistochemical Staining
Following a protocol approved by the Institutional Review Board, archived H&E-stained slides from 75 endoscopic and surgical resection specimens with Barrett's associated neoplasia from two centers were reviewed. Forty cases of patients with Barrett's associated neoplasia were selected for study. From review of H&E slides, 160 areas were selected. Areas of BE, low-grade dysplasia, high-grade dysplasia and invasive cancer were marked for further analysis. This was performed by two investigators, one of whom is an experienced gastrointestinal pathologist (JH). Corresponding formalin-fixed and paraffin-embedded tissue blocks were sectioned and stained with anti-CD31 antibody (Dako, Carpinteria, CA, USA).
In brief, 4-mm sections were deparaffinized in xylenes, rehydrated through graded ethanol solutions to distilled water and then washed in Trisbuffered saline. CD31 antigen was retrieved using high-temperature treatment in citrate buffer for 15 min in a microwave oven. Endogenous peroxidase activity was quenched by incubation in 3% H 2 O 2 in methanol for 5 min. Nonspecific binding sites were blocked using Protein Block (Dako) for 20 min. Then tissue sections were incubated for 1 h at room temperature with the mouse monoclonal antibodies against CD31 (clone JC70A, 1:40; Dako). This step was followed by 30 min incubation with goat anti-mouse IgG conjugated to a horseradish peroxidase-labeled polymer (EnvisionTM þ System; Dako).
Areas of obvious inflammation with lymphocytic infiltrate were excluded from further analysis. Areas were selected for analysis based on the preidentified marked areas. In cases where the corresponding immunostained section appeared to not represent the H&E section, these cases were reviewed by two investigators, including an experienced gastrointestinal pathologist (JH), and excluded or reclassified as appropriate. Microvascular density was quantified in histological fields representative of gastric cardia, non-dysplastic Barrett' esophagus, low-grade dysplasia, high-grade dysplasia and cancer.
From forty cases of patients with Barrett's esophagus who underwent therapy for associated neoplasia, 160 areas were selected from review of H&E slides and areas marked for analysis ( Figure 1 ). The histological grades of the selected areas are shown in Table 1 . Also, 154 areas were examined at 50 mm increments of the 150 most superficial aspect of the tissue in that area.
Microvascular Density Analysis
The Automated Cellular Imaging System (ACIS) from Clarient (San Juan Capistrano, CA, USA) was used to quantify microvascular density as described previously. 13 The ACIS consists of an Olympus bright field microscope with five objectives (UPFL Â 4, Â 10, Â 20, Â 40 and Â 60), digital camera (CCD, Sony), an automated slide loading system for 100 slides and a PC. The ACIS technology automatically loads conventional IHC microscope slides for scanning at high resolution. Each high-resolution image is then imported into the application software and is available for analysis. The image analysis system's microvascular density application was configured for vessel detection based on applying chromogen masks for high chromogenic staining (brown threshold) and counterstaining (blue threshold), and the minimal and maximal size of the vessels. After selection of appropriate regions for microvascular density counting, the following measurements were captured digitally for each selected region of tissue: total vessel count, mean vessel area (square microns occupied by positively stained vessels) and microvascular density, or vessel to tissue area ratio (vessel density percentage calculated by area of blood vessels occupying area of counterstained tissue). Then, microvascular density was quantified in 50 mm diameter areas in three levels: 0-50, 50-100 and 100-150 mm.
Statistical Analysis
ANOVA and Kruskal-Wallis nonparametric tests were used to examine whether there were differences in microvascular density among the tissue of five areas: cardia, Barrett's, low-grade dysplasia, high-grade dysplasia and invasive cancer. If such differences existed, then Tukey's studentized range test was used to identify where the differences were and to compare their magnitudes.
Results
In examining the microvascular density in the most superficial 150 mm of the tissue in the areas of gastric cardia, Barrett' esophagus, low-grade dysplasia, high-grade dysplasia and cancer, there was a statistically significant difference of Po0.0001 among the five groups. Furthermore, when examining the pairwise difference between the groups, there was a statistically significant difference between cancer and each of the lower grades of histology, as well as between high-grade dysplasia and each of the lower grades of histology (Po0.05) (Figures 2 and 3) .
In examining the depth at the most superficial 50 mm, there was also a statistically significant difference among the five groups (Po0.0001) as seen in Figure 3 . Pairwise comparison also indicated that statistically significant difference between cancer and each of the lower grades of histology and between high-grade dysplasia and each of the lower grades of histology was preserved (Po0.05). At a slightly lower depth of 50-100 mm below the surface, there was a statistically significant difference among the five groups (Po0.0001 using ANOVA and Kruskal-Wallis nonparametric tests), and cancer remained to have a statistically significant difference from each of the lower grades of histology (Po0.05 using Tukey's studentized range test). However, only high-grade dysplasia was statistically significantly different between non-dysplastic Barrett' esophagus and gastric cardia at this depth (Po0.05 using Tukey's studentized range test). At even a lower depth of 100-150 mm below the surface, there remained a statistically significant difference among the groups (Po0.001 ANOVA and Kruskal-Wallis nonparametric tests), but the between pairwise group differences were preserved only for the cancer group when compared with non-dysplastic Barrett's and stomach, respectively.
Discussion
We utilized digital pathology techniques to assess the correlation between microvascular density and disease progression of non-dysplastic BE, low-grade dysplasia, high-grade dysplasia and cancer in the superficial aspects of the tissue. We found a significant stepwise increase in microvascular density from normal gastric cardia to non-dysplastic Barrett' esophagus, to low-grade dysplasia, to highgrade dysplasia and finally to cancer.
This increase in microvascular density supports the hypothesis that angiogenesis has a key role in the metaplasia-carcinoma progression and supports findings in previous studies. [1] [2] [3] [4] [5] [6] 14, 15 Although previous studies established a trend in the metaplasia-dysplasia-carcinoma sequence, none have clearly demonstrated whether high-grade dysplasia is significantly different from metaplasia or lowgrade dysplasia. Our study specifically demonstrates a significant and stepwise increase in microvascular density between Barrett' esophagus, low-grade dysplasia and high-grade dysplasia, which has not been previously shown. This finding is clinically relevant because endoscopists often use tools relying on vascularity for detection and targeting of areas of high-grade dysplasia and cancer. It is clinically useful to distinguish these different pathologies at endoscopy, because high-grade dysplasia warrants intervention, whereas low-grade dysplasia and nondysplastic Barrett' esophagus may be managed with surveillance. Furthermore, some endoscopic imaging technologies are restricted by depth. Previous studies are based on surgical specimens or biopsy material without details as to the depth of the analyzed areas. 3, 4, 6 This study systematically approached the analysis of specimens in relation to the depth from the surface. Not only do cancer and high-grade dysplasia have statistically significant differences from each of the lower grades of histology in the superficial aspects (150 mm) of the tissue, but these differences persist in even the most superficial 50 mm of the tissue. This is clinically relevant with some of the increasingly popular imaging technologies for Barrett's esophagus. For example, narrow band imaging illuminates the tissue with filtered blue light (peaking at 415 nm) and green light (540 nm). 16 These bands are strongly absorbed by hemoglobin, enabling visualization of the superficial capillary network and submucosal vessels (Figure 4 ). The blue light has an average penetration depth of around 170 mm. The visualization of this superficial capillary network would detect the stepwise increase in microvascular Evaluation of microvascular density density that this study demonstrates in the most superficial 150 mm of the tissue. Another novel imaging technology is confocal laser endomicroscopy 17 ( Figure 5 ). The endomicroscope (Pentax, Montvale, NJ, USA; Optiscan, Victoria, Australia) has variable depth imaging ranging 0-250 mm. The probe-based confocal system (Mauna Kea Technologies, Paris, France) has a fixed penetration depth of 55-65 mm with the ultra high-definition probe. Again, the superficial differences as suggested by the total superficial 150 mm depth and, specifically, the most superficial 50 mm depth in our study suggest that these are appropriate ways to target vascularity.
Irregular vascularity visualized by narrow band imaging or confocal laser endomicroscopy has been identified as a maker for neoplasia. 11, 12, 18 Currently, imaging is largely a subjectively based process. However, further development of image software may provide means to quantify in vivo imaging. Becker et al. 8 used a prototype software to determine differences in microvascular area as assessed by confocal endomicroscopy in Barrett's esophagus. Some challenges of quantification by such software include the extravasation of fluorescein from the blood vessels and the more leaky blood vessels seen in neoplasia. Additionally, inflammation presents a challenge as a possible confounding factor. Future directions may look at further ways to detect or quantify vascularity to help differentiate grades of dysplasia in real time to target biopsies and resections in Barrett's esophagus.
In conclusion, we have used digital pathology to demonstrate a significant and stepwise increase in microvascular density, which supports the hypothesis that angiogenesis has a key role in the metaplasia-dysplasia-carcinoma progression in Barrett's esophagus. Furthermore, the differences in the most superficial mucosal layers are consistent with findings relevant to vascularity by depth-restricted imaging modalities. 
